Using a modified Lattice Boltzmann Method (LBM), developing thermal flow through micro and nano channels has been modeled. Based on the improving of the dynamic viscosity and thermal conductivity, an effective relaxation time formulation is proposed which is able to simulate wide range of Knudsen numbers, Kn,. The results show that in spite of the standard LBM, the temperature distributions and the local Nusselt number obtained from this modified thermal LBM, agree well with the other numerical and empirical results in a wide range of Knudsen numbers.
Introduction
Flow and heat transfer in micro/nano devices is different from macro devices. This is because of the fact that when the mean free path , λ , of the molecules becomes comparable to the characteristic length of the flow domain, the continuum flow model (Navier Stokes equations) breaks down and the Knudsen number, Kn, defined as the ratio of the molecular mean free path to the characteristic length of the system, increases. For ) [1] . Recently there have been attempts to use the LBM for gaseous flows in slip flow regime but only a few papers can be mentioned for the use of LBM in transition regime [2] [3] [4] [5] [6] [7] [8] [9] . All of the mentioned articles investigated the isothermal (athermal) flows. Current thermal LBE models are confined to the continuous and slip flow regimes and the use of the LBM for higher Kn regimes has not been successful so far.
In this article, by relating the thermal conductivity to the local Kn, a new thermal relaxation time model is suggested which can simulate wide range of thermal flow regimes.
Thermal Lattice Boltzmann Method
The continuum Boltzmann equation is a fundamental model for rarefied gases in the kinetic theory [10, 11] . In this article the two distribution function thermal lattice Boltzmann model based on the work of He et al [12] is used which utilizes two different distribution functions, one for the velocity field (f) and the other for the internal energy field (g): where eq f and eq g are the equilibrium distribution functions approximated by:
. ( , )  .  1  -2  2   4 1 1 , , 9 9 36 In the present work, the nine velocity 2D model (D2Q9), is used to discrete momentum space [13] . In this model, the discrete velocity field i ix iy c (c , c ) = is:
∆ and t ∆ are lattice spacing and time step, respectively. The flow parameters are then calculated in terms of the particle distribution function ( , ) i f x t , by:
LBM for High Knudsen Number Flows
In the ref. [14] we proposed an effective relaxation time which can simulate flow features for wide range of Knudsen numbers. Similar to the dynamic viscosity [1, 14, 15] , the characteristic length scale of the thermal conductivity in the free molecular channel flow is the channel dimension, h. The thermal conductivity, k, of a gas is a function of its density as well as its temperature. Specifically, k is proportional to the mean free path with the proportionality coefficient a general function of temperature, i.e. [1] ,
Similar to the dynamic viscosity, the characteristic length scale of the thermal conductivity in the free molecular channel flow is the channel dimension, h:
Thus, we have proposed the following hybrid formula to model the variation of thermal conductivity: 
Results and Discussion
The developing thermal flow in micro/nano channels is a test case for the present lattice Boltzmann model. A uniform inlet flow with the velocity
T is imposed at the inlet of the channel. It is assumed that the channel walls are heated uniformly with a constant temperature
). In this work, the Diffuse Scattering Boundary Condition (DSBC) [16, 17] was used for slip velocity and temperature jump boundary conditions. Fig. 1 compares the values of Nusselt number, Nu, at the fully developed region obtained from the modified LBM with the results based on the DSMC method [18] . During the simulation, the Prandtl number is fixed as 3 / 2 Pr = and the Nu is defined as ) (
where B T is the bulk temperature and H is the channel width. It can be seen from the figure that the results, have good agreement for 2 . 0 ≤ Kn but by increasing the Knudsen number, the LBM over predicts the Nu values.
Local wall Nu of the thermal developing flows for different in Kn (slip and transitional regimes) is shown in the fig. 2 . In the present work Pr is fixed as 0.7 but, Kn is variable along the channel and can be expressed as [19] : are non-dimensional average velocity and non-dimensional bulk temperature respectively. From the definition of Nu, it can be seen that Nu is inversely proportional to the temperature jump. By increasing Kn, the slip velocity and temperature jump near the wall increases. Therefore, it can be seen from the figure that the increase of Knudsen number causes the fully developed Nusselt number decreased and the entrance region occurs at higher values of X. In fig. 4 the temperature distribution along the channel is shown. From the figure, obvious temperature jumps on the plates can be observed due to the rarefaction effect. As expected, the flow of this kind quickly becomes fully developed after a short entrance region where the hydrodynamic and thermal boundary layers are simultaneously developed. 
Conclusion
The new LBM is capable of simulating the flow and heat transfer for a wide range of Knudsen numbers including the transition regime. It is shown that the proposed model by modifying the relaxation time in LBM, is able to predict the flow features in micro and nano scales for wide range of Kn, accurately and the local Nusselt number is in good agreement with the exiting numerical data for 2 . 0 ≤ Kn .
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